The stereochemistry of lignan biosynthesis in Arctium lappa L. is regulated organ-speciˆcally. (＋)-Secoisolariciresinol [81% enantiomeric excess (e.e.)] was isolated from A. lappa petioles. In sharp contrast, lignans whose predominant enantiomers have the opposite absolute conˆguration to that of (＋)-secoisolariciresinol [i.e., (-)-matairesinol (À99% e.e.), (-)-arctigenin (À99% e.e.), and (-)-secoisolariciresinol (65% e.e.)] were isolated from seeds of the species. The stereochemical diversity of secoisolariciresinol was demonstrated with enzyme preparations from A. lappa petioles and seeds. Thus, a petiole enzyme preparation catalyzed the formation of (＋)-pinoresinol (33% e.e.), (＋)-lariciresinol (30% e.e.), and (＋)-secoisolariciresinol (20% e.e.) from achiral coniferyl alcohol in the presence of NADPH and H 2 O 2 , whereas that from ripening seeds catalyzed the formation of (-)-pinoresinol (22% e.e.), (-)-lariciresinol (À99% e.e.), and (-)-secoisolariciresinol (38% e.e.) under the same conditions. In addition, the ripening seed enzyme preparation mediated the selective formation of the optically pure (À99% e.e.) (-)-enantiomer of matairesinol from racemic (±)-secoisolariciresinols in the presence of NADP.
The biosynthesis of lignans has been receiving widespread interest, since compounds of this class have peculiar stereochemical properties and such biological activities as antitumor, antimitotic and antiviral. [1] [2] [3] [4] [5] During the last decade, signiˆcant advances have been made in theˆeld of lignan biosynthesis. 4, 5) In 1990, Umezawa et al. demonstrated theˆrst example of an enzymatic reaction to produce an optically pure lignan from an achiral phenylpropanoid monomer with a cell-free extract of Forsythia intermedia. 6) Since then, many reports have been published on the enzyme systems involved in lignan biosynthesis with Forsythia plants as enzyme sources; the following conversions by Forsythia enzymes have been demonstrated: coniferyl alcohol [1] ªpinoresinol [2] (furofuran lignan)ªlariciresinol [3] (furan lignan)ªsecoisolariciresinol [4] (dibenzylbutane lignan)ªmatairesinol [5] (dibenzylbutyrolactone lignan) (Fig. 1) . [5] [6] [7] [8] [9] [10] [11] [12] [13] Most of these reactions have also been demonstrated enzymatically or by feeding experiments with some other plant species, 5) suggesting that the conversion occurs generally in plants.
These studies with Forsythia plants have revealed that the naturally occurring enantiomers of Forsythia lignans were formed by Forsythia enzymes and that each enzymatic conversion was regulated in terms of its stereochemistry; for example, Lewis and co-workers have demonstrated the enantioselective radical coupling of 1 with the aid of unique protein named dirigent protein. 13) Thus, the entrance to the lignan biosynthetic pathway after the cinnamate pathway is already well-controlled stereochemically.
On the other hand, there are many examples of plants which produce the opposite enantiomers to those occurring in Forsythia spp. [2] [3] [4] [5] [14] [15] [16] [17] In addition, phytochemical studies of such lignans as 2, 3 and 4, which are the furthest upstream on the biosynthetic pathway, have revealed that not only the sign of the optical rotation, i.e. predominant enantiomers of the lignans, but also the enantiomeric composition, z enantiomeric excess (e.e.) value, can vary greatly with plant species. [3] [4] [5] Furthermore, there have been no examples reported of optically pure 2 and 3. In contrast, all dibenzylbutyrolactone lignans, including 5, which follow 2 and 3 on the biosynthetic pathway, have been found to be optically pure. [3] [4] [5] These results indicate that both the entrance step mediated by the dirigent protein and subsequent metabolic steps are involved in determining the enantiomeric composi- 
tion.
In order to examine the stereochemical control of lignan biosynthesis in detail, we chose Arctium lappa as the plant material, because plants of this genus contain signiˆcant amounts of dibenzylbutyrolactone lignans (and their glycosides), including arctiin [18] [19] [20] [21] [22] and 5, 20) and sesqui-and di-lignans, 20, 21, [23] [24] [25] in addition to its very good growth behavior. We report here theˆrst example demonstrating that the predominant enantiomers of the lignan, secoisolariciresinol [4] , vary with the organs of the plant species, A. lappa. In addition, the enantiomeric diversity of A. lappa lignans is enzymatically demonstrated.
Materials and Methods

Instrumentation.
1 H-NMR spectra were taken with a Varian XL-200 FT-NMR spectrometer and a JNM-LA400MK FT-NMR system (JEOL Ltd.), using Me4Si as an internal standard. Chemical shifts and coupling constants (J ) are given in d and Hz, respectively. GC-MS was conducted as previously described. 11, 16) Reversed-phase HPLC separation 11) and chiral HPLC separation of 2, 11) 3, 16) 4, 16) 5, 7) and 6 26) were conducted as previously described. Silica gel TLC and silica gel column chromatography employed Kieselgel 60 F254 (Merck) and Kieselgel 60 (Merck), respectively.
Enantiomeric compositions of the lignans. The enantiomeric composition of 4 isolated from A. lappa and of the lignans formed in the enzymatic reactions were determined as previously, 27) using racemic unlabelled or deuterium-labelled lignan as the internal standard. The enantiomeric composition of 5 and 6 was determined by a chiral HPLC analysis as previously reported.
26)
Chemical syntheses and chemicals. Syntheses of the following compounds were as reported previously: [ 26) and (±)-arctigenins [(±)-6]. 26) All solvents and reagents used were of reagent grade unless otherwise stated.
Plant material. Arctium lappa L. cv. Kobarutogokuwase was used. Seeds of the plant from Atariya Noen Co. were sown, and the seedlings were maintained in a sunny laboratory supplemented with ‰uorescent light (ca. 10,000 lux, lamps spaced 40 cm apart), or in an experimentalˆeld at Wood Research Institute, Kyoto University, for use in lignan isolation and as enzyme sources. The seeds were also used for lignan isolation. were freeze-dried. The dried material (62.31 g) was powdered with a Waring blender, extracted with hot MeOH (500 ml, 150 ml×4, total 1.1 l), and the solvent was evaporated to give an MeOH extract (19.69 g). The extract was suspended in 400 ml of a 0.1 M NaOAc buŠer (pH 5.0) and incubated with bglucosidase (Sigma G-0395, 10,878.4 units) for 24 h at 379 C. The reaction mixture was then extracted with CH2Cl2 (150 ml×4). The CH2Cl2 solution was washed with a saturated NaCl solution, dried over anhydrous Na2SO4, and the solvent was evaporated. The CH2Cl2 extract thus obtained (1.288 g) was submitted to successive puriˆcation by silica gel column chromatography, and a fraction corresponding to 4 was recovered. This fraction was further puriˆed by reversed-phase HPLC to give (+)-4 which was identiˆed by comparing the 1 H-NMR, mass spectral, and tR data by GC with those of an authentic specimen of (±)-4. The isolation of (+)-4 was repeated with 36.8 g (in fresh weight) of petioles of the plant. The enantiomeric composition was determined as the average from the duplicate samples. In a separate experiment, the yield of the lignan was determined by using deuterium-labelled (±)-4-d4 as an internal standard. Yield, 0.0017z based on dried petioles; 81z e.e. [(+)À(")].
(")-4 was also isolated from the MeOH extract of the plants (736.89 g in fresh weight) in a similar manner, but without the b-glucosidase treatment, and identiˆed by comparing the 1 H-NMR, mass spectral, and tR data by GC with those of authentic (±)-4. Yield, 0.000020z based on dried petioles; 13z e.e. In a separate experiment, the MeOH extract (26.9 g) was suspended in 253 ml of 2.2 N H2SO4. After stirring at 959 C for 2 h, the reaction mixture was neutralized with 2.2 N NaOH and extracted with CH2Cl2. The extract was puriˆed as already described to aŠord (-)-4 (0.0093z based on dried seeds); 82z e.e. [(-)À(+)].
Enzyme preparation. Enzyme preparations from A. lappa petioles were prepared as previously described, 11) but with minor modiˆcations. Brie‰y, A.
lappa petioles (102.68 g) were frozen in liquid N2 and then powdered with a Waring blender. The powder thus obtained was further ground with polyclar AT, acid-washed sea sand and a 0.1 M KPi buŠer (pH 8.0) containing 10 mM dithiothreitol (DTT). The slurry thus obtained wasˆltered through 4 layers of gauze, and the resultingˆltrate (160 ml) was centrifuged (10,000×g, 20 min, 49 C). To the supernatant was added (NH4)2SO4 (0-70z saturation). The precipitate was collected by centrifugation (10,000× g, 15 min), redissolved in 15 ml of the same buŠer containing DTT, and passed through a Whatman GF W A glassˆberˆlter. To remove the salts, thê ltrate was applied to a Sephadex G-25 column that had been pre-equilibrated with the same buŠer containing DTT. To the fraction (21 ml) excluded from the gel was added (NH4)2SO4 (0-70z saturation). The precipitate was collected by centrifugation (10,000×g, 15 min) and stored at 49 C until required. The same procedure was repeated twice more with 207.02 g and 187.56 g of fresh petioles. The combined (NH4)2SO4 precipitates were redissolved in a 0.1 M KPi buŠer (pH 7.0) and applied to a Sephadex G-25 column which had been pre-equilibrated with the 0.1 M KP i buŠer (pH 7.0) and was eluted by the same buŠer. The fraction excluded from the column was used as an enzyme preparation. The protein content of the enzyme preparation thus obtained was determined by the Bradford method, 29) using bovine serum albumin as a standard.
A. lappa ripening seeds (ca. 6-20 days after the start of blooming) were used in the same way to prepare an (NH4)2SO4 precipitate. The precipitate was desalted as already described and incubated separately with (±)-2-d 4 and (±)-3-d 4 in the presence of NADPH, while the precipitate was also desalted with a 0.1 M Tris-HCl buŠer (pH 8.8) and incubated with (±)-4-d4 in the presence of NADP.
Conversion of [9,9- 2 H 2 , OC 2 H 3 ]coniferyl alcohol [1-d5] and [9,9- 2 H2]coniferyl alcohol [1-d2] with the A. lappa enzyme preparations. Weˆrst incubated 1-d5 with a mixture of the enzyme preparation from A. lappa petioles, NADPH and H2O2 as previously described. 27, 30) The products were identiˆed and quantiˆed by a GC-MS analysis. Next, we incubated 1-d2 as already described, except that each volume was proportionately scaled up. The products were separated by silica gel TLC to give 2-d4, 3-d4 and 4-d4, and their enantiomeric compositions were determined.
Conversion of (±)-[9,9,9?,9?-2 H4]pinoresinols [(±)-2-d4] and (±)-[9,9,9?,9?-
The reaction mixture was composed of 5 ml of 50 mM of (±)-2-d4 or (±)-3-d4 in MeOH, 50 ml of 50 mM NADPH in a 0.1 M KPi buŠer (pH 7.0), and 120 ml of the enzyme preparation. The reac- tion was initiated by adding (±)-2-d4 or (±)-3-d4. After incubating for 1 h at 309 C, the reaction mixture was extracted with EtOAc containing unlabelled racemic lignans as internal standards. The EtOAc extract was dried under high vacuum, and the lignans formed were identiˆed and quantiˆed by a GC-MS analysis.
Next, (±)-2-d4 were similarly incubated, except that all the volumes were proportionately scaled up. The products were puriˆed by silica gel TLC and reversed-phase HPLC to give 3-d4 and 4-d4, and their enantiomeric compositions were then determined. Similarly, we carried out a scaled-up incubation of (±)-3-d4 with NADPH, and the enantiomeric composition of resulting 4-d 4 was determined.
Conversion of (±)-[9,9,9?,9?-2 H4]secoisolariciresinols [(±)-4-d4]. The reaction mixture consisted of 2.5 ml of 25 mM of (±)-4-d4 in MeOH, 2.5 ml of 50 mM NADP in a 0.1 M Tris-HCl buŠer (pH 8.8 at 309 C), and 167 ml of the enzyme preparation from the ripening seeds. The reaction was initiated by adding (±)-4-d4. After incubating for 1 h at 309 C, the reaction mixture was extracted with EtOAc containing (±)-1-(4-ethoxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)-1,3-propanediols 31) as an internal standard. The EtOAc extract was dried under high vacuum and analyzed by GC-MS.
We next incubated (±)-4-d4 in a similar manner with the volumes scaled up proportionately and without the addition of the internal standard. The product was successively puriˆed by silica gel TLC and reversed-phase HPLC 14) to give pure 5-d2 which was subjected to a chiral HPLC analysis.
Results and Discussion
Since Shinoda and Kawagoye isolated arctiin, a glycoside of arctigenin [6] , from seeds of Arctium lappa 18) in 1929, seeds of Arctium spp. are wellknown to contain signiˆcant amounts of these lignans. [18] [19] [20] [21] [22] Our survey of A. lappa lignans accorded well with the previous reports. Thus, a preliminary GC-MS analysis of b-glucosidase-treated MeOH extracts from the petioles, root and seeds of A. lappa indicated that the seeds contained signiˆcant amounts of 5 and 6, and small amounts of 4, while only small amounts of 5 and 6 were detected when the b-glucosidase treatment was omitted. This result strongly suggests that most of the lignans were present as glycosides. On the other hand, the petioles contained only a small amount of 4, probably as a glycoside, and no lignans could be detected in mature roots.
We next isolated the lignans from A. lappa and determined their enantiomeric compositions. (")-5 and (")-6 isolated from the MeOH extract of A. lappa seeds after the b-glucosidase treatment were found to be optically pure (À99z e.e.) (Fig. 2) . This is in accordance with previous reports; all dibenzylbutyrolactone lignans whose enantiomeric compositions have been determined by chiral HPLC were optically pure. 4) In addition, small amounts of 4 were isolated from both the seeds and petioles. Unexpectedly, the predominant enantiomers of the lignan isolated from the seeds and petioles were opposite to each other. As summarized in Table 1 , (+)-4 (81z e.e.) was isolated from the MeOH extract of A. lappa petioles after the b-glucosidase treatment. In contrast, this lignan obtained after the b-glucosidase treatment from the MeOH extract of mature seeds had an enantiomeric composition 65z in favor of the (")-enantiomer (Table 1) . To our knowledge, this is theˆrst example of diŠerent enantiomers of a particular lignan occurring predominantly in diŠerent organs of a single plant species, indicating the stereochemical diversity of the lignan biosynthetic mechanisms in A. lappa.
b-Glucosidase might have hydrolyzed the two diastereomers, (+)-secoisolariciresinol glycoside and 
a The incubation conditions are described in the Materials and Methods section. b This value has been reported previously 30) as about 20z e.e. based on a chiral LC-MS analysis in which the chiral separation was incomplete. In the present study, the value was precisely re-determined under improved chiral separation conditions. c From the data of Suzuki et al. 27) d The (+)-enantiomer was not detected under the conditions used. (")-secoisolariciresinol glycoside, at diŠerent rates. This possibility was, however, eliminated at least qualitatively, because acid hydrolysis of the MeOH extract from A. lappa seeds gave a similar result to that obtained by the b-glucosidase treatment; (")-secoisolariciresinol was predominant with either treatment.
It is noteworthy that the absolute conˆgurations at C8 and C8? of (")-4, which was the predominant enantiomer in this lignan isolated from A. lappa seeds, were the same as those of (")-5 and (")-6 isolated from the seeds (Fig. 1) . 4) In addition, the congurations at C8 and C8? of these enantiomers are the same as those of the (+)-antipodes of the upstream lignans, 2 and 3.
4)
The enantiomeric diversity of the lignans isolated from diŠerent organs of A. lappa is unique, and our attention was next directed to enzymatic reconstitution of the enantiomeric composition of 4.
When the seed enzyme preparation was incubated with 1-d5, the (")-enantiomer [(")-4-d10] was selectively formed (38z e.e., Table 2 , Fig. 3) . 27) In contrast, incubation of 1-d 5 with the petiole enzyme preparation selectively gave the opposite (+)-enantiomer (20z e.e.) (Table 2, Fig. 3) . 30) These enzymatically formed predominant enantiomers respectively coincide with those of 4 occurring naturally in the petioles and seeds. The reaction system did not alter the enantiomeric composition of 4 once it had been formed, because the incubation of racemic (±)-4-ARd with each enzyme preparation under the same conditions, except for half the period of incubation, resulted in the recovery of racemic (±)-4-ARd (petiole enzyme, 0.85z e.e. [(+)À(")]; seed enzyme, 0.14z e.e. [(+)À(")]). Hence, the enzymatic formation of 4, but not the enzymatic conversion of once-formed 4 to some other products, was responsible for its enantiomeric composition.
In addition, (")-4-d10, (")-2-d10 (22z e.e.) and (")-3-d10 (À99z e.e.) were also formed from the incubation of 1-d5 with the seed enzyme 27) ( Table 2 , Fig. 3 ). Again, in contrast, the opposite enantiomers, (+)-2-d 4 (33z e.e.) and (+)-3-d 4 (30z e.e.), were formed with the petiole enzyme (Table 2, Fig. 3) . Thus, the enzymatic experiments with 1 exhibited stereochemical diversity in line with the discordance among the predominant enantiomers of 4 isolated Pinoresinol W lariciresinol reductase (PLR), which can reduce 2 to 3 and 4, was puriˆed from Forsythia intermedia, 12) and this enzyme was also detected from Zanthoxylum ailanthoides 32) and Daphne odora.
17)
Since the assay with only H2O2 as a cofactor exhibited signiˆcant 2-d 10 formation from 1-d 5 27) (Table 3) , PLR-catalyzed reduction of once-formed 2-d10 probably resulted in 3-d10 and 4-d10 from the incubation of 1-d5 with the A. lappa enzymes. This was conˆrmed by individually incubating (±)-2-d4 and (±)-3-d4 with the seed enzyme preparation (Table 4 , Fig. 3 ). Almost optically pure (")-4-d4 was formed from these racemic lignans [99z e.e. from (±)-2-d4, and 91z e.e. from (±)-3-d4 (Table 2) ]. The predominant formation of the (")-enantiomer agrees with the results from the incubation of 1-d5 with the seed enzyme. In addition, the incubation of (±)-2-d4 with the seed enzyme (Table 2) gave (+)-3-d4 (85z e.e.).
The petiole enzyme also exhibited PLR activity, giving rise to 3-d4 and 4-d4 from (±)-2-d4, and to 4-d4 from (±)-3-d4 (Table 4) . Interestingly, however, the predominant enantiomers of the lignan products, (")-4-d4 and (+)-3-d4, formed from (±)-2-d4 and (±)-3-d4 were the same as those obtained with the seed enzyme (Table 2) , and (")-4 is opposite to the predominant enantiomer, (+)-4, isolated from the petiole. The values for the enantiomeric excess of the formed lignans (44z and 37z e.e., Table 2 ) are much lower than those formed with the seed enzyme which were almost optically pure (99z and 91z e.e.).
These results can be accounted for by postulating that A. lappa has PLR isoforms showing diŠerent selectivity in terms of the substrates [(+)-2 and (")-2] 27) Althoughˆnal conclusions await further experiments, this view is in accordance with recentˆnd-ings on PLR of diŠerent plant species. PLR was puried for theˆrst time from Forsythia intermedia cv. Lynwood gold, 10) and its cDNAs were cloned and expressed in E. coli.
12) Both the plant and recombinant proteins exhibited the same stereochemical properties; each protein catalyzed the selective formation of (+)-3 and (")-4 from (±)-2, and (")-4 from (±)-3 in the presence of NADPH.
12) PLR of Zanthoxylum ailanthoides 32) also showed similar stereochemical selectivity to Forsythia PLR. In contrast, we have reported PLR activity from Daphne genkwa which exhibited the opposite stereochemical properties to those of Forsythia and Zanthoxylum PLRs; the Daphne crude enzyme preparation catalyzed the selective formation of (")-3 (23z e.e.) from (±)-2. 17) These results indicate that diŠerent PLRs that catalyze the selective reduction of diŠerent enantiomers of 3 and 4 are distributed in diŠerent plant species. Furthermore, the presence of cDNAs corresponding to the two stereochemically distinct PLRs in a single plant species has been demonstrated by Fujita et al., 33) although they did not mention the physiological roles of the two reductases. On the other hand, our present results strongly suggest that (at least) the two types of PLRs are expressed diŠerentially in A. lappa.
As for the stereochemistry involved in the formation of 2, dirigent protein has not yet been isolated from A. lappa. However, the recent detection of a dirigent protein-like gene from A. lappa by a PCRguided strategy 34) suggests that the stereochemistry involved in the formation of 2 from 1 in A. lappa is also under the control of dirigent protein.
In accordance with the presence of large amounts of two optically pure dibenzylbutyrolactone lignans, (")-5 and (")-6, in A. lappa seeds, we also detected secoisolariciresinol dehydrogenase activity in the seed enzyme preparation which gave rise to optically pure (")-5-d2 after incubating racemic (±)-4-d4 in the presence of NADP (Table 4 and Figs. 2 and 3) . Thus, although the formation of 4 is stereochemically controlled, this control is not strong enough to produce only one enantiomer of 4. The formation of optically pure lignan might beˆnally achieved in the conversion of 4 to 5 in this plant species.
Taken together, great stereochemical diversity was found in lignan biosynthesis, and not only the enantioselective coupling of 1 assisted by dirigent protein but also the several subsequent steps must play substantial roles in the production of optically pure lignans.
